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Abstract 
In order to stabilize the metastable γ-phase and to improve the strength in type 304 steel by the solid solution of nitrogen, the 
solution treatment after nitriding (STAN) was performed. The static strength and the hardness were improved by the STAN. In 
laboratory air, the fatigue strength of the STAN specimen increased as compared to that of the untreated specimen, but was lower 
than that of the nitride specimen. On the other hand, in 3%NaCl solution, the fatigue strength of the untreated specimen was 
almost similar to the result in laboratory air, while the fatigue strength of the nitrided and the STAN specimens decreased 
significantly compared to those in laboratory air. This behavior is attributed to the sensitization resulted from the precipitation of 
CrN. In the STAN specimen, the strain-induced martensitic transformation was not detected in run-out specimen at fatigue limit 
by X-ray diffraction method, indicating that the γ-phase was stabilized by the solid solution of nitrogen. Similarly, also in EBSD 
analysis, the strain induced martensitic transformation was not seen at the wake of crack in the STAN specimen. 
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1. Introduction 
Austenitic stainless steel, type 304 (18Cr-8Ni), is widely used under the severe conditions, because it has high 
corrosion resistance, good toughness and ductility. However, the strength and wear resistance of type 304 steel is 
relatively low as compared to other structural materials. In addition, it is well known that the austenitic phase (γ-
phase) of type 304 steel is metastable due to low nickel equivalent [Schaeffler (1949)].Therefore, it becomes
susceptible to the cold working, resulting in the strain-induced martensitic transformation. If the strain-induced 
martensitic transformation occurs, high environmental sensitivity of martensitic phase (α’-phase) lowers the 
corrosion resistance [Nakajima et al. (2011)]. Although the increase in nickel content brings on the stability of γ-
phase, nickel content reflects the fabrication cost [Speidel (2006)]. So the attention is paid to nitrogen (N) as an 
alternative element of nickel. Nitrogen is γ-phase stabilizing element, which can improve the mechanical properties, 
the fatigue strength and the corrosion resistance.  
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Thus, in the present study, the solution treatment after nitriding (STAN) was performed to stabilize the γ-phase in 
type 304 steel and to improve the mechanical properties. Especially, the study of fatigue behavior in the STAN 
treated type 304 steel has been limited [Reis et al. (2011)]. So the purpose of the present study is to clarify the 
fatigue properties of type 304 steel after the STAN treatment. 
2. Experimental procedures 
2.1. Materials  
The material used is austenitic stainless steel, type 304 steel (18Cr-8Ni), whose chemical compositions (wt.%) are 
as follows; C: 0.06, Si: 0.29, Mn: 1.65, P: 0.04, S: 0.03, Ni: 8.03, Cr: 18.62, Fe: bal.. In this material, Ni equivalent 
(Ni (eq)) and Ms point are Ni (eq) = 10.66% and Ms = -46.19 qC, respectively. Since the value of Ni (eq) is less than 
12%, the austenitic phase (γ-phase) of this material is seemed to be metastable.  
The material was solution treated at 1080qC for 30min followed by water quenching. After the solution treatment, 
thehourglass-shape fatigue specimens were machined as shown in Fig.1 and the specimen surface was polished by 
emery paper. After machining, plasma nitriding was conducted at 500qC for 8.5h, and then re-solution treatment 
was performed at 1200qC for 1h followed by oil quenching, which treatment is designated STAN.  
2.2. Experimental procedures 
Fatigue tests in laboratory air and in 3%NaCl solution were conducted using cantilever-type rotary bending 
fatigue testing machines on three kinds of specimens, that is, the untreated, the nitrided and the STAN. The 
XRD (X-ray diffraction) method and the EBSD (Electron backscatter diffraction) analysis were used to detect 
the strain-induced martensitic transformation. 
3. Results 
3.1. Microstructures 
Fig.2 shows the microstructures of the untreated (a), the nitride (b), (c) and the STAN (d), in which the average 
grain sizes were almost similar, that is, 65μm, 73μm and 69μm, respectively. This indicates that the grain growth 
didn’t occur during nitriding and STAN processing. The surface of the nitrided specimen is covered by nitirided 
layer which is composed of CrN. As seem in Fig.2 (b), nitidied layer formed on specimen surface is about 50μm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.2. Microstructures: (a)untreated; (b) nitrided layer; 
(c)nitrided; (d) STAN. 
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Fig.1. Fatigue specimen configuration. 
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3.2. Hardness distributions 
The Vickers hardness profiles of the nitrided, the untreated and the STAN specimens are shown in Fig.3. Hardness 
on the surface of the nitrided specimen is HV1360. As compared to the untreated specimen, HV153, it becomes 8.8 
times harder. However the interior hardness decreases rapidly and corresponds with that of the untreated specimen 
at the depth of 0.1mm from the surface. On the other hand, the hardnesses at the surface of the STAN specimen are 
about HV280, 1.8 times harder than that of untreated specimen and the interior hardness are harder than the 
untreated and the nitrided specimens. This suggests that the nitride could be dissolved by the STAN treatment and 
the nitrogen diffused to the deeper area of specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3. Mechanical properties 
The mechanical properties of each specimen are summarized in Table 1. Proof stress, V0.2, and the tensile strength, VB, of the STAN specimen are slightly higher than those of the untreated and the nitirided specimens. Although the 
nitrided layer is remarkably hard as seen in Fig.3, the layer is thin and brittle. Therefore, it is considered that the 
contribution of the nitrided layer to tensile properties is not so large. On the other hand, as seen in Fig.3, since the 
inner hardness of the STAN specimen is higher than the other specimens, it is expected that the mechanical 
properties of the STAN specimen was improved.  
3.4. Fatigue strength 
Figure 4 shows the S-N diagram in laboratory air and 3% NaCl solution. The results in laboratory air are exhibited 
by open symbols. The fatigue limit of the untreated was 290MPa, while 380MPa and 340MPa for the nirided and the 
STAN specimens, respectively. Since there exists a stress gradient in rotary bending, the nitrided specimen exhibits 
the highest fatigue limit of all due to the hardness of surface. In addition, the subsurface fracture with fish-eye was 
seen in the nitrided specimen. Figure 5 shows an example of fish-eye observed on the fracture surface.  
Figure 4 also indicates the S-N diagram in 3% NaCl solution. The results in 3%NaCl solution are represented by 
solid symbols. The fatigue limit in 3% NaCl solution of the untreated was 290MPa, which is the same value in 
laboratory air. However, in infinite life region, the fatigue lives in 3%NaCl solution are longer than in laboratory air. 
This behavior seems to be due to the cooling effect of 3% NaCl solution. On the other hand, in the nitrided and the 
Table 1. Mechanical properties. 
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STAN specimens, the both S-N curves decreased continuously due to the sensitization. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    
3.5. Fatigue crack initiation and growth 
Crack initiation and growth in the untreated and the STAN specimens were monitored with a plastic replication 
technique. The results obtained are represented in Fig.6. The relationships between a surface crack length, 2c, and 
the number of cycles, N, are shown in Fig.6 (a). Solid symbol indicates the results in 3% NaCl solution. In the 
untreated specimens, the crack initiation and growth in laboratory air were almost the same as those in 3% NaCl 
solution, resulting in similar fatigue lives. On the other hand, the fatigue lives in the STAN specimen are different in 
the both environments, that is, shorter fatigue life is seen in 3% NaCl solution than in laboratory air. Figure 6 (b) 
indicates the surface crack length as a function of cycle ratio, N/Nf, where Nf is the number of cycles to failure. As 
seen in this figure, the cycle ratio of crack initiation in the STAN specimen in laboratory air, N/Nf = 0.3, relatively 
early compared to the other specimens, but the fatigue life is longer. On the other hand, the cycle ratios of crack 
initiation in the other specimens are N/Nf = 0.5 - 0.7.The relationships between crack growth rate, da/dN, and 
maximum stress intensity factor, Kmax, are shown in Fig.7, where the stress intensity factor of small surface cracks 
were calculated using the analytical solution by Shiratori et al. (1987). The crack growth rates of the untreated 
specimen are almost similar between in laboratory air and in 3% NaCl solution. In the STAN specimen, the crack 
growth rate in 3% NaCl solution is faster than in laboratory air. In addition, the crack growth rates of the STAN 
specimen are lower than those of the untreated specimen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. SEM micrograph of fish-eye 
          ˄Va=400MPaˈNf=9.05x104 cycles). Fig.4. S-N diagram in laboratory  air and in 3% NaCl solution. 
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4. Discussion 
4.1 Effect of STAN treatment on fatigue behavior 
The fatigue strengths of the STAN specimens increased in comparison with the untreated specimen (see Fig.4). As 
seen in Fig.4, since the surface hardness of the STAN specimens was enhanced remarkably, it is considered that the 
increase in fatigue strength is mainly due to a rise of the surface hardness. It seems that the mechanisms of the 
increase in hardness are due to the precipitation of nitride and the solid solution of nitrogen [Bai et al. (2011)]. 
Although these mechanisms were not confirmed directly, the inhibition of strain-induced martensitic transformation, 
that is, the stabilization of γ-phase, was confirmed by the XRD and the EBSD analyses. This suggests the 
contribution of nitrogen to the solid solution strengthening.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8. X-ray diffraction patterns after 107 cycles 
(a) Untreated; (b) STAN. 
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Fig.6. Crack growth behaviour:(a)Relationship between 2c and N; 
            (b)Relationship between 2c and N/Nf. 
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4.2 Inhibition of strain-induced martensitic transformation 
Since the γ-phase of type 304 is metastable, the strain-induced martensitic transformation could occur during 
fatigue test. Figure 8 exhibits the XRD patterns of the untreated and the STAN specimens after 107 cycles at a stress  
level of fatigue limit. As shown in Fig.8 (a) and (b), the peak of α’-martensitic phase (α 211) at 2θ =156° is not 
detected in the both specimens. In the STAN specimen, the peak is not seen in spite of the fatigue test was 
conducted at 50MPa higher stress level (Va=340MPa) compared to the untreated specimen (Va=290MPa). This 
indicates that the γ-phase was stabilized by the solid solution of nitrogen. 
The phase distributions around the small fatigue crack were examined by the EBSD analysis to clarify the effect 
of the STAN treatment on the strain-induced martensitic transformation. Figure 9 and 10 show the EBSD analyses 
of the untreated and the STAN specimens, respectively. In each figure, (a), (b) and (c), represent the crack shape, the 
grain orientation and the phase distribution, respectively. As seen in Fig.9, the two small fatigue cracks were 
surrounded by the α´-martensite formed in crack wake. This means that the strain-induced martensitic 
transformation occurred in the plastic zone at crack tip. On the other hand, in the STAN specimen as shown in 
Fig.10, the initiation of α´-martensitic phase in a wake can be hardly seen. Based on these observations, it is 
concluded that the α'-martensitic phase was formed by the severe plastic deformation at crack tip in the untreated 
specimen, while the α'-martensitic phase was not detected in the STAN specimen, because the stabilization of γ-
phase was taken place by the STAN treatment. 
5. Conclusions  
The solution treatment after nitriding (STAN) was performed to type 304 steel to improve the fatigue properties. 
Using the untreated, the nitrided and the STAN specimens, rotary bending fatigue tests were conducted in laboratory 
air and in 3% NaCl solution. The results obtained are as follows; 
(1) The fatigue limits of the untreated, the nitrided and the STAN specimens in laboratory air were 290 MPa, 380 
MPa and 340 MPa, respectively. Fatigue strength of the STAN specimen was improved as compared to the 
untreated specimen. The fatigue limit of the untreated specimen in 3% NaCl solution was the same as that in 
laboratory air. On the other hand, the S-N curves of the nitrided and the STAN specimens in 3% NaCl solution 
decreased continuously due to the sensitization.  
(2) The mechanisms of the increase in fatigue strength of the STAN specimen were a precipitation of chromium 
nitride, CrN, and the solid solution of nitrogen. In addition, the crack growth rates in the STAN specimen were 
slower than those of the untreated specimen. The cause of this behavior was seemed to be fine precipitation of 
nitride. 
(3) The analyses by the XRD and the EBSD indicated that the strain-induced martensitic transformation was 
inhibited by the STAN treatment, that is, the stabilization of γ-phase by the solid solution of nitrogen.  
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Fig.10. EBSD analysis of small crack in 
            STAN specimen: (a) SEM image; 
(b) IPF image; (c) phase distribution. 
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